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ABSTRACT

Aluminum-lithium based alloys have shown promise as high

strength, high modulus, low density alloys, but suffer from

low toughness levels currently unacceptable in aerospace design.

The present study was directed toward increasing the fracture

toughness of such alloys in sheet form, primarily through alloy-

ing. Attempts to increase fracture toughness were made through

modification of the fracture-controlling Al.Li precipitate,

addition of dispersoid forming elements, and the use of co-

precipitation of other phases. Alloying additions investigated

include copper, magnesium, silicon, manganese, iron, scandium,

gallium, and silver. Tensile test results and fracture behavior

of these alloys as a function of temper are reported.

The copper-containing alloy showed the best fracture

behavior with moderate strength. Other additions generally

resulted in increased strength but no improvement in ductility

or crack propagation energy over that of the binary alloys.

Analysis indicated that the brittle fracture behavior is asso-

ciated with grain boundary or subgrain boundary failure. High

hydrogen levels, inherent planar slip, and (sub-)grain boundary

precipitate-free-zones which grow with aging appear to be

factors in the grain boundary or subgrain boundary weakness.
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SECTION I
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INTRODUCTION

The addition of 2-3 wt. % lithium to aluminum results in

lower density, increased modulus of elasticity, and a potential
[1-41for high strength through precipitation hardening. These

properties make the development of such alloys highly de-

sirable for airframe and other uses where weight is a critical

factor. However, fracture toughness for these high lithium

alloys is low compared with commercial high strength aircraft

alloys.[35] The present work is directed toward investigation

of mechanisms for increasing the toughness of alloys in this

system, with emphasis on ternary or higher-order alloying

additions.

The basic strengthening mechanism of aluminum-lithium

binary alloys is the formation of the metastable precipitate

6' (A1 3 Li). This precipitate has an ordered, face-centered

cubic crystal structure of the Cu 3 Au type (LI 2 ).
[6 '7 ] 6'

forms spherical precipitates, which are fully coherent with

the --Al matrix with a very small lattice mismatch.[8] This

particular precipitation mechanism is not seen in other /

aluminum-based systems, but is analogous to the equilib/ium

y-y' (Ni-Ni3 Al) system, which gives nickel-based superalloys

high temperature strength and ductility.

However, the aluminum-lithium precipitate system, with

its small lattice mismatch and low matrix-precipitate inter-

facial energy, is responsible for the low ductility and

fracture toughness observed in these alloys. In an ordered

structure (superlattice) such as 6', the passage of a single

dislocation through the lattice creates a disturbance in the

order, resulting in an antipbase boundary (APB). The extra

energy associated with the APB is an impediment to dislocation

movement and is increasingly important as a strengthening

mechanism when coherency strains are small.[9] The passage of

a second dislocation recreates the order disturbed by the
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first, and, thus, dislocations in such an alloy tend to move in

pairs (or superdislocations).

After the passage of a superdislocation, the cross-section

area of the precipitate on the slip plane is reduced by an

amount proportional to the Burgers vector and the precipitate

radius. The precipitate size is then effectively reduced on

that slip plane, and the APB required for subsequent dislocation

movement is smaller. Thus once slip occurs on a particular

plane, further slip on that plane is encouraged. Consequently,

intense planar slip occurs during deformation, leading to dis-
location pileups at grain boundaries and subsequent grain

boundary failure. Severe planar slip and intergranular fracture,

with associated low ductility and toughness, are therefore an

inherent characteristic of aluminum-lithium binary alloys.

Lithium has seen limited use in commercial alloys. AA2020,

developed by Alcoa, contained approximately 1% lithium. The

alloy is no longer produced, primarily due to casting diffi-

culties and problems with toughness. The Soviets have developed

VAD 23 and alloy 01420. VAD 23 is an Al-Li-Cu alloy with 1.2%

lithium; 01420 is an Al-Li-Mg alloy with nominally 2% lithium.

Both alloys have fairly low ductility.

The current program has investigated alloys of higher

lithium content in order to take full advantage of the bene-

ficial effects of lithium on density and elastic modulus. The

initial phase of this program involved the development of

methods for producing sheet. The casting and rolling of highly
[10,11]

alloyed aluminum-lithium ingots present some difficulty.

The casting of a sound ingot is a problem which first must be

solved. Loss of lithium, porosity, and high hydrogen content

are the primary problems. This is due to the high reactivity

of lithium with oxygen and hydrogen. Oxidation of the melt

results in a loss of lithium and the formation of a surface

oxide layer including LiO 2 .AI203, which does not inhibit the
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reaction of aluminum with water vapor in the furnace

atmosphere. [12 ,1 3  This factor and the affinity of lithium

for hydrogen result in an immediate increase of hydrogen

level when lithium is introduced into the melt. [10,13-15]

We have approached this problem of ingot quality by casting

under vacuum or argon atmosphere. The development of casting

techniques to produce a sound ingot is presented as Phase I

in Section 2.

Approaches that have been taken for improving toughness

involve encouraging dislocation cross-slip or precipitate by-

passing in the alloys. This includes modification of the I
AI-Al3Li system lattice parameters to increase mismatch, intro-

duction of other precipitation systems, and use of a dispersion

hardening system in addition to the precipitation hardening

system.

Phase II involved a preliminary survey of several Al-Li-X

systems. Several small extrusions produced at the Naval

Surface Weapons Center (Silver Spring, Maryland) were used for

this investigation. Systems examined included the aluminum-

lithium binary system and aluminum-lithium alloys containing

scandium, gallium, magnesium, manganese, or silver. Additions

of zirconium and bismuth were also investigated.

The basic systems investigated are presented in Table 1-1,

along with the primary strengthening mechanisms involved. The

various mechanisms are described in more detail in Section 3,

along with the complete analyses of the extrusions produced in

Phase II.

Based in part on the results of Phase II, we selected for

Phase III compositions to be cast as 10-lb bookmold ingots and

rolled to sheet. The compositions included aluminun and lithium

alloyed with magnesium and silicon, copper, and manganese with

and without iron. The systems investigated and corresponding

t7'
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strengthening mechanism are listed in Table 1-2. The analysis

of sheet produced in Phase III is presented in Section 4.

Aging studies at various temperatures were conducted on

both extruded and sheet material. Mechanical testing included

the testing of tensile and yield strength and percent elongation.

In addition Kahn tear tests were used to obtain comparative

toughness levels of the sheet product.

Section 5 includes a summary of conclusions drawn from
this work and recommendations for future work.

i . . .. . . .
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TABLE 1-1

ALLOY SYSTEMS INVESTIGATED IN PHASE II (EXTRUSIONS)

Alloy No. AiLm Composition PtimaLy Mechanis~ms Involved

Base properties of binary
1,2,3,11 Al-3.OLisytm

4 Al-.6Li-.5Scsubstitution of scandium for
4 A12.Li-2.5c lithium in A13Li to alter

7 (2.~i-2O~c)lattice parameter.

5 A1-3.OLi-5.OGa Substitution of gallium for
9 (25Ga)aluminum in Al3Li to alter

(2.5Ga)lattice parameter.

8 Al2.l~-2.~c-25Ga As above for scandium and
gallium.

10 A-3.~i-15MnDisprsin stenghenig b
MnA16 encouraging cross-slip.

12 Al-3.OLi-2.5Mg Solid solution strengthening.
13 (1.5Mg)

15 A-3.Oi-1.Mg-15MnDispersion (MnAl6) and solid
15 A-3.Oi-l.Mg-l5Mn solution strengthening.

14 Al-3.OLi-3.OAg Modification of Al Li

Cast and extruded by Naval Surface Weapons Center (NSWC).
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TABLE 1-2

ALLOY SYSTEMS INVESTIGATED IN PHASE III (SHEET)

Attoy No. Aim Compoition Prima4y Mechanism6 Invotved

22 A1-3.OLi-0.lZr Base properties of binary

system.

26 AI-3.0Li-0.lZr-0.005Bi Tie up sodium with bismuth.

10 A1-3.OLi Binary system (HIP).

19 AI-2.2Li-2.OCu 0" + 6' precipitation.

20 6063 type + 3.0% Li Mg2Si + 6' precipitation.

21 6061 type + 3.0% Li Mg 2Si + 6' precipitation.

Dispersion [(Mn,Fe)AI6 ]23, 24 AI-3.0Li-I.5Mn-I.5Fe strengthening to encourage
cross-slip.

Dispersion (MnA16 )
25 AI-3.OLi-1.5Mn strengthening to encourage

cross-slip.
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PHASE I: DEVELOPMENT OF CASTING PROCEDURES

The casting of a sound ingot is the first requirement for

production of aluminum-lithium wrought products. As discussed

earlier, the high reactivity of lithium with oxygen and hydro-

gen leads to poor lithium recovery, porosity, and high hydrogen

content. Our approach to this problem was to melt and cast

under argon atmosphere or vacuum.

Experimental Procedure and Results

A summary of the various casting conditions that were

tried during this period and the resultant ingot chemical

analyses are presented in Table 2-1.

The first four trials involved solidification within the

crucible used for melting. A trial melt of 7050 in vacuum

(melted and solidified three times) resulted in almost total loss

of magnesium and zinc. The three subsequent trials involved

the addition of elemental lithium sealed in AA3003 alloy tubes

to 99.99% (superpurity) aluminum. Very high hydrogen levels

were recorded, and lithium recovery was low. Much porosity

was evident. There was a reaction of the melt with the cruci-

ble walls, using both clay-graphite crucibles and clay-graphite

crucibles with a refractory "terra paint" coating. The cru-

cibles had to be destroyed to remove the ingots. The high

hydrogen levels were most likely due to the use of elemental

lithium and the lack of fluxing.

Subsequent trials were conducted by melting under vacuum,

fluxing with argon, and casting as bookmold ingots under an

argon atmosphere. The use of an 18.5% lithium hardener (Foote

Mineral Company) resulted in fairly hiqh hydroqen levels. Use

of a 9.5% lithium hardener (KBI*) resulted in lower hydroqen *
readings and significantly better lithium recovery.

*Kawecki Berylco Inc.
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Lithium recovery in the later castings was typically

0.5 wt. % less than the level in the charge. To obtain a

3.0% lithium recovery, it was necessary to add 3.5% lithium

to the charge. A remelt casting (#9) showed a better lithium

recovery but higher hydrogen content.

A beryllium addition (0.005%), #12 and #14, failed to

significantly enhance the lithium recovery. Beryllium was

added in an attempt to produce an oxide layer on the melt to

inhibit the oxidation of lithium. Though beryllium improves

oxidation resistance of some alloy melts, these results are

supported by Soviet research, which indicates that lithium

negates the effect of beryllium.[12]

In general our hydrogen values have improved with

refinement of casting procedure. The later castings show

typically 0.11 to 0.86 ml/100 g hydrogen, with the lowest

readings near the bottom of the ingot. This compares favorably

with other studies of casting of aluminum-lithium alloys.

Values obtained by British Aluminium are given for reference

in the table below. Note that British Aluminium obtained

lower hydrogen readings in castings containing beryllium.

Lithium Beryllium HydrLogen

Pto dae(% (me/CC g)

2.33 0 2.43
2.63 0 1.97

British Aluminium[l 0] 1.95 0 1.63
2.50 0.005 1.26
1.64 0.01 0.86

Some hydrogen porosity is expected, however, since porosity

generally is associated with hydrogen levels above

approximately 0.12 ml/100 g.

Sodium levels have been excellent (<0.0004%) for all

castings, and the potassium level in the one ingot analyzed

appearedto be good (<0.0005%). In contrast calcium levels
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were 100 times greater. It is expected that any effect of high

calcium would be negative due to possible segregation to grain

boundaries. The use of a new lithium hardener in Phase III

reduced the calcium level to 0.001%.

Radiographs of the ingots showed gross porosity in the

early ingots. The later ingots showed much less porosity,

though generally the top 20%-50% of each ingot had to be

scrapped to avoid porosity.

Discussion and Conclusion

The final casting procedure developed for casting 10-lb

bookmold ingots is as follows. The charge is made up from

alloy hardeners and 99.99% aluminum (superpurity) ingot. The

charge is melted under vacuum in an induction-heated, machined

graphite crucible. Thermocouples in the crucible and flux wand,

and attached to the load, are used to prevent overheating. No

cover flux is used.

A 45-minute argon flux is used to remove hydrogen and

promote thorough mixing of the melt. The furnace is backfilled

with argon to atmospheric pressure, and the melt is poured at

approximately 1280 0-1290OF (693 0 -698'C) into a steel bookmold.

The resulting ingots are approximately 2 5/8" x 7" x 6".

Chemistry and hydrogen levels of the ingots have been

shown to be controllable, though hydrogen levels are above

the limits for commercial aircraft alloys. Porosity remains

a problem and was handled in this work only by removing that

part of the ingot which shows significant porosity.

ii
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SECTION 3
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PHASE II: PRELIMINARY SURVEY OF ALLOY SYSTEMS

Introduction

A preliminary survey of several alloy systems was

conducted using a series of small extrusions produced at the

Naval Surface Weapons Center, Silver Spring, Maryland.

Methods of encouraging cross-slip included alloying with

manganese, magnesium, gallium, scandium, or silver. The

aim compositions and corresponding hardening mechanisms are

listed in Table 1-1 and are discussed further below.

The Al-3.OLi binary system was included to obtain base

properties of the alloy system. Zirconium was used to in-

hibit recrystallization. (All manganese-free castings con-

tained a 0.12% zirconium addition.) Zirconium in the amount

of 0.1%-0.2% has been shown to effectively inhibit recrystal-

lization in the Al-Mg-Li system and Soviet alloy 01420.[3'16 -171

Two castings also contained bismuth in an attempt to tie up

sodium, which is reported to cause grain boundary

embrittlement. [4,18]

The Al-Li-Sc system involves an attempt to modify the 6'

(Al3Li) precipitate. Scandium forms an equilibrium preci-

pitate, AI 3Sc, of the same crystal structure (L12) as 6'. A

substitution of scandium for lithium in 6' may significantly

change the lattice parameter and the Al-6' interfacial energy.

This, in turn, could encourage dislocation cross-slip or pre-

cipitate bypassing rather than precipitate cutting, and possibly

decrease the planar slip responsible for the low ductility of

aluminum-lithium systems. However, it is possible that the

very low solubility of scandium in aluminum may preclude

obtaining the desired fine precipitation of Al3 (Sc,Li).

In a similar manner the substitution of gallium for

aluminum in Al3Li may result in a beneficial lattice parameter

change. Both ternary Al-Li-Ga and quaternary Al-Li-Ga-Sc

castings were included in this survey.
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Manganese has been added to the binary aluminum-lithium

system and in combination with magnesium. These alloys should

exhibit dispersion strengthening as well as precipitation

hardening. A fine dispersion should encourage cross-slip,

thereby increasing ductility. In addition manganese de-

creases the solubility of lithium in aluminum [1 9'2 0 ], thereby

encouraging more complete precipitation of AI 3Li.

Alloys incorporating magnesium, both with and without

manganese, are included. Under equilibrium conditions,

Al-Mg-Li alloys with a Mg/Li ratio of 2.5 to 1.5 form the

S phase (Al2MgLi) [21], which is isomorphous with the S phase

(Al2MgCu) found in high strength copper-bearing 7XXX alloys.

Soviet researchers report that alloy 01420 is based on pre-

cipitation hardening by AI 2MgLi. [17,22] Other work [4' 2 31

reports, however, that strengthening in this system is due to

the intermediate precipitate 0' and that magnesium contributes

selid solution strengthening. However, it appears that mag-

nesium also contributes to detrimental grain boundary

precipitation of AlMgLi.[4]

A limited investigation by Hardy [2 4 of the Al-Li-Ag

system has shown significant age hardening in an Al-l.OLi-2.OAg

alloy. The composition presently under study is Al-3.OLi-3.0Aq.

Experimental Procedure

Production of Extrusions

Casting and extrusion for this phase of the work were

carried out at the Naval Surface Weapons Center (NSWC) in Silver

Spring, Maryland. All melting, casting, and homogenization were

done in an argon atmosphere dry-box. The lithium was melted and

held at 11120F (6000C) in an iron crucible. In some cases the

lithium was fluxed by bubbling argon to remove sodium. The

aluminum and other alloying elements were melted and held at

17420F (9500C) in an alumina crucible. The molten aluminum was

then added to the iron crucible, stirred with a stainless steel

rod, and poured into a tapered 1.5"-1.75" dia.x 3" deep brass mold.
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The ingots produced were homogenized at 850°F (4550C)/

8 hours + 960'F (515 0C)/16 hours in an argon atmosphere. The

homogenized ingots were then scalped to 1.25" diameter.

Billets were heated to 752118 0 F (400±10'C) and extruded

to a 0.5" x 0.25" bar. This represents a 10:1 extrusion ratio.

Breakthrough pressure was on the order of 50 tons.

Chemical Analysis

Chemical composition of the homogenized billets was

determined by atomic emission spectroscopy.

Aging Curves

Hardness specimens were solution heat treated at 975OF

(524'C) for 30 minutes in argon and water quenched. Hardness

aging curves were established for samples aged at 375 0 F

(1910C) in air.

In addition hardness aging curves for some alloys solution

heat treated at 9320 F (500 0C) for 30 minutes, water quenched,

and aged at 300 ° and 350*F (1490 and 177WC) were established.

Mechanical Tests

Due to the small cross-sections (approximately 0.5" x

0.25"), longitudinal tension tests only were conducted. Ten-

sile sample gauge sections were machined to a 0.25" width,

full thickness (approximately 0.25"), with a 1" gauge length.

Lack of material necessitated using subsize tension test

samples (0.160" rounds) for sample #10-2A and #3-0 aged at

375 0 F (191C)

Metallography

Samples of the solution heat treated extrusions were

examined optically and by scanning electron microscopy

(SEM). In some cases qualitative chemical identification of

insolubles and inclusions could be made by electron microprobe.

Low power binocular and SEM examination of fracture

surfaces was conducted.
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Results and Discussion

Fabrication

The extruded rods produced by NSWC exhibited some tearing

and bending. Those alloys containing gallium showed a white

powder on the surface as-homogenized, as-scalped, and

as-extruded.

Chemical Analysis

The chemical analyses of the homogenized billets are given

in Table 3-1. There was some variation in elemental levels

from the aimed for compositions, aside from the expected diff-

culty in controlling the lithium level. There was apoarent

difficulty in getting bismuth in solution. More surprising

was the high iron level, which ranged from 0.59% to 2.37%.

Some of the iron could have been due to the 1100 alloy used as

aluminum stock. (The Aluminum Association limit for [Fe+Si] in

1100 is 1.0%.) A large part of the iron, however, apparently

was introduced from the iron crucible used for melting the

lithium and mixing the alloy prior to casting. Previous

studies of the Al-Li-Mg system melted in iron or stainless [253
steel crucibles have shown considerable iron contamination.

Sodium levels were fairly low for the two billets analyzed.

Alloy #11-1, made with lithium fluxed with bubbling argon, had

no lower sodium than #3-1, made with unfluxed lithium.

Aging Curves

Hardness aging curves for extrusions solution heat treated

at 975OF (5240C) for 30 minutes in argon, water quenched, and

aged at 375*F (1911C) are presented in Figures 3-1 through 3-4.

In addition aging curves for some alloys solution heat treated

at 932'F (500*C) for 30 minutes in argon, water quenched, and

aged at 300'F (149C) or two-step aged at 3000 and 350'F (149'

and 177'C) are presented in Figures 3-5 and 3-6 respectively.



-18-

Those samples aged at 3000 and 350°F (1490 and 177°C) did

not reach peak hardness for the aging times studied (up to 142

hours). Aging at 375°F (191C) enabled peak hardness to be

reached within 100 hours for all compositions.

The aluminum-lithium binary (some with high iron)

compositions (Figure 3-1) showed an aging response similar to

that reported for Al-2.8Li-0.12Zr [2 3 ] , reaching peak hardness

at approximately 10 hours at 375°F (191°C).

Compositions containing gallium and scandium reached peak

hardness with the least aging at 375°F (191°C)--4-8 hours

(Figure 3-2). The peak hardness reached for the gallium-

containing extrusions was lower than that reached by aluminum-

lithium binary alloys of similar lithium content.

The magnesium-containing extrusions (Figure 3-3) exhibited

a higher hardness value than the binary alloys at slightly

longer aging times (16-32 hours). The Al-Li-Mn alloy #10-2A

(Figure 3-3) showed the slowest aging response, reaching peak

hardness after 64 hours at 375 0F (191°C). Hardness readings

on extrusion #10-1 showed large variations in different loca-

tions, presumably due to chemical inhomogeneity. An aging

curve could not be determined for this extrusion.

Mechanical Test Results

Tables 3-2 and 3-3 present longitudinal tensile strength,

yield strength, and elongation data for the extrusions aged to

peak hardness at 375°F (191°C) and those aged at 300'F (149*C)

or 350'F (177C).

In general the percent elongation was very low for all

aging practices. This low ductility was very likely en-

couraged by the high lithium and high iron content. In

addition several of the fracture surfaces showed larqe inclu-

sions of metallic zirconium, iron, or scandium. (This is

discussed further under Metallography.) Such inclusions and
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associated stress concentrations normally contribute to early
failure and low ductility.

At peak hardness the Al-Li-Mg-Mn alloy (#15-1) showed the

greatest tensile strength (70.1 ksi), and the Al-Li-(Fe) alloy

(#3-1) showed the greatest yield strength (62.0 ksi). Each
exhibited very low elongation (2%). Extrusions #8-1, Al-Li-(Fe),

and #10-2A, Al-Li-Mn-(Fe) showed the greatest elongation--8%

and 14.8% respectively.

At peak hardness the tensile strengths ranged from 53.6 to
70.1 ksi, and yield strengths ranged from 37.6 to 62.0 ksi.

For comparison, Soviet alloy 01420 (Al-2.0Li-6.OMg-0.25Mn) has

the following properties:

65.2-71.0 ksi tensile strength
43.5-52.2 ksi yield strength
8%-10% elongation

The Fulmer Research Institute reports the following

properties on a high lithium alloy (Al-2.7Li-5.2Mq-0.2Zr):

79.5 ksi tensile strength
61.4 ksi yield strength
5.5% elongation

Alo[26]
Alcoa [ reports the following properties for a high lithium
(Al-3.lLi-l.9Mg) extrusion at peak hardness:

Longitudinal Transverse

70.0 ksi tensile strength 59.4 ksi tensile strength
61.4 ksi yield strength 48.0 ksi yield strength
1.4% elongation 4.0% elongation

For extrusion #10-2A the combination of tensile properties
(57.1 ksi tensile strength, 41.5 ksi yield strength) and elonga-
tion (14.8%) is encouraging. For comparison, a Soviet alloy

of similar composition (2.7-3.OLi, 1.25-5.OMn) had the

following reported properties[27]:

64-71 ksi tensile strength
42.5-57.0 ksi yield strength
4-8% elongation
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However, the ductility seen in the test of #10-2A is in

contrast to the 5.0% elongation seen in the underaged samples

in Table 3-3. Due to lack of material, #10-2A could not be

retested at peak hardness.

The peak hardness #10-2A tensile specimen was a subsize

round sample, 0.1599" dia. x 0.640" gauge length. The elonga-

tion seen in this test includes significant uniform elongation.

A reduction in area was seen along the gauge length, with

little necking at the fracture. The gauge section after test

had an elliptical cross-section (presumably due to texturing

caused by extrusion of a rectangular section) with axes

measuring 0.1565" and 0.1585", compared to the circular pre-

test cross-section with a diameter of 0.1599". This is similar

to Soviet alloy 01420, where elongation is primarily uniform

with little contribution by necking.

The very high level of dispersoid-forming elements of

#10-2A (2.9% Mn+Fe) may be enough to require cross-slip for

significant dislocation movement. This could prevent the

planar slip encouraged by the coherent Al3Li precipitate,

which leads to low ductility. The addition of iron also in-

creases the amount of MnAl6 or (Mn,Fe)A16 phase present. 28 ]

Also of possible significance is that the #10-2A composition

is probably in the primary FeAI 3 phase field for equilibrium

cooling based on the Al-Mn-Fe ternary phase diagram. [28

This can be detrimental due to the precipitation of large

crystals of FeAl, during solidification.

Metal lography

Microstructure. Figures 3-7 through 3-16 show optical

micrographs of extrusions solution heat treated at 932 0 F

(500 0C) for 30 minutes and water quenched. These sections

indicate a large amount of inhomogeneity. Large FeA1, or

(Mn,Fe)Al, particles (as determined by morphology and

, , i ul Ii1
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qualitative probe analysis) are apparent in each of the alloys.

As discussed under Chemical Analysis in this section, the sig-

nificant iron contamination occurred during the casting pro-

cedure. Similar primary segregation of scandium-rich insolubles

(by qualitative electron microprobe analysis) is apparent in

the scandium-containing alloys.

Figures 3-7 through 3-10, 3-13, 3-14, and 3-16 show what

appear to be remnants of a dendritic structure. This indicates

the extrusion ratio, 10:1, was too low to break up the cast

structure completely.

Figure 3-17 is a scanning electron micrograph (SEM) of a

cross-section from extrusion #4-1, as-solution heat treated,

showing the residual dendritic structure. The large insolubles

have been identified as scandium-rich compounds by qualitative

microprobe analysis. The interdendritic particles are iron-rich.

Fractography. Figures 3-18 and 3-19 give optical views of

fracture surfaces with examples of intergranular cracking and

transgranular failure. Figure 3-20 gives a longitudinal view

of the fracture of extrusion #1-3, showing more clearly the

transgranular nature of the fracture (450 shear).

SEMs of fracture surfaces are presented in Figures 3-21

through 3-26. Extrusion #3-1 (Figure 3-21) failed predominantly

by 450 shear. Seen at the beginning of the shear face (in 50X
photo) is a large metallic iron inclusion that possibly

initiated the fracture. Inclusions found in other fracture

surfaces were identified as elemental scandium and elemental
zirconium. The iron, scandium, and zirconium particles are

each located near a surface where the failure is likely to

initiate.

Dimpling of the fracture surface is apparent in each of

the ternary or high-order alloys in Figures 3-21 through 3-26.

, , ii i - i i i . . .. .. i-I .. . . In
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Samples of #10-2A (Figure 3-22) and #15-1 (Figure 3-26) also

exhibited intergranular cracking.

While showing a dimpled "matrix," some of the samples

exhibit brittle fracture of intermetallic phases. Brittle

fracture of (Fe,Mn)AI, insolubles is apparent in #10-2A

(Figure 3-22). Microprobe analysis determined approximately

equal amounts of iron and manganese in these particles.

Scandium-rich insolubles in #8-1 (Figure 3-24) and silver-

rich particles in #14-1 (Figure 3-25) also exhibited brittle

fracture.

Despite the dimpled appearance of the fracture surfaces,

the samples in general showed little elongation and very

little necking. Phase III includes a further investigation

which associates the micro-dimples with possible subgrain

boundary failure.

Conclusions of Phase II

The extrusions produced in this phase generally showed

very low ductility. This was due, at least in part, to the

severe iron contamination which occurred during casting. The

iron contamination causes any conclusions from this study to

be limited.

The addition of 5.0% gallium produced corrosion under

ambient conditions, resulting in a white, powdery oxide on all

surfaces. At this level gallium is likely to be impractical

from this standpoint. Scandium and manganese, at least when

in combination with 1.0%-1.5% iron, appear to be at levels too

high to achieve a homogeneous structure using conventional

casting methods. Application of rapid solidification techno-

loqy may be beneficial. The other alloying elements,

silver (which formed coarse particles) and magnesium, did

not show any benefit, but again the detrimental effects of

excessive iron must be considered.

'1
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TABLE 3-2

MECHANICAL PROPERTIES OF PHASE II EXTRUSIONS
AGED AT 375 0F (191 0C) TO PEAK HARDNESS*

Hours @ Longitudinal
Ident. Composition 3750F "UTS vs Elong.

(1910C) (k6i) (ks6i) (W)

1-1 3.0 Li (Nominal) 8 66.8 57.6 4.0

1-3 3.2Li-.9Fe 8 67.5 56.6 4.0

3-0 3.3Li-2.lFe 8 53.7 -- -1.0

3-1 3.5Li-2.4Fe 8 69.3 62.0 2.0

4-1 2.8Li-2.OSc-l.lFe 4 61.3 58.2 2.0

8-1 3.lLi-.9Fe 8 58.9 46.9 8.0

10-2A 3.0Li-1.6Mn-l.3Fe 64 57.1 41.5 14.8

13-1 3.lLi-1.4Mg-l.7Fe 4 66.2 60.8 2.0

14-1 3.2Li-2.9Ag-. 8Fe 32 53.6 37.6 5.0

15-1 3.lLi-i.7Mg-i.2Mn-.6Fe 16 70.1 59.6 2.0

*SHT 975 0 F (524 0C)/30 minutes + age 375 0 F (191°C)/peak

hardness.

hL.
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TABLE 3-]

MECHANICAL PROPERTIES OF PHASE II EXTRUSIONS
AGED @ 300OF (149 0C) FOR 24 HOURS OR

300°F (149 0C) FOR 24 HOURS + 350°F (177 0C) FOR 4 HOURS

300'F ( 149vC) /
300 F (149 C)/ 24 Hours +

Ident. Composition 24 HouE* 350 F (177 0 C)/
4 Houwz

UTS YS Eong. UTS vs Eong.
______ ________________ (k~) (~>) (M (ks i (hkU) (%

1-3 3.2Li-.9Fe 66.7 50.9 4.0 67.0 58.3 4.0

9-0 2.9Li-5.OGa-.85Fe 61.6 51.5 5.0 59.7 51.7 5.0

10-1 2.2Li-.7Fe 39.3 32.1 4.0 49.1 34.5 5.0

10-2A 3.OLi-1.6Mn-1.3Fe 51.1 34.2 5.0 51.7 36.5 5.0

11-1 3.54Li-1.5Fe 61.6 S0.5 4.0 59.8 51.7 3.0

*SHT 932 0F (500 0C)/30 minutes in argon, water quench.
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Interciranular
crackinci

FIGURE 3-18. EXTRUSION #10-2A PEAK HARDNESS, BROKEN TENSILE
FRACTURE SURFPACE

30X. Intergranular cracking in long transverse
direction is visible.

FIGURE 3-19. EXTRUSION #3-1 PEAK IIAPDNESS, ROKEN TENSILE
FRACTURE SURFACE, 51H9WT WJ 45-~ EIIFAR FAILURE

lox.
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SECTION 4
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PHASE III: SHEET

Introduction

This phase of the development program involved the analysis

of fracture behavior of various aluminum-lithium based alloys

in sheet form. The selection of particular compositionswas

based in part on the results of the preliminary study in Phase

II. The systems examined include Al-Li, Al-Li-Cu, Al-Li-Mg-Si,

Al-Li-Mn, and Al-Li-Mn-Fe. The systems and strengthening

mechanisms, listed in Table 1-2, are discussed in detail below.

The Al-Li system was included to determine properties

of the binary alloy sheet. Zirconium was used to inhibit re-

crystallization in all the manganese-free alloys. Ingots 23-26

were cast with bismuth additions, which is believed to help

prevent grain boundary embrittlement by sodium. [4 ,18] In ad-

dition an early binary alloy casting (#10) was included to

determine if HIPing (hot isostatic pressinq) is useful in

healing porosity created during casting.

Cast #19 was an Al-2.2Li-2.OCu alloy. This composition was

calculated to contain approximately the maximum level of

lithium soluble in Al-2.OCu at 932*F (500'C).[ 2 9 1

Precipitation in the Al-Li-Cu system has been studied by

several investigators and has been shown to follow the Al-Cu

and Al-Li system precipitation sequences individually: [26,30]

_.,GP zones - 0" '
Supersaturated solid solution ., 6 (Al3Li)

With extended aging there is significant diffusion of lithium

into ', which can lead to the formation of an equilibrium

ternary phase TB (AlIjCuaLi2 )" [
3 0 ,3 1 ] The phase TB forms from

u' and retains the characteristic u' plate morpholoqy. In

-idition, with greater than approximately 2 lithium, the

ternary equilibrium phase is TI. [301 TI has a hexaqonnal

structure (a = 4.97A, c = 9.34A), and its basal plane (also
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the habit plane) matches very closely the (111) matrix plane.

(At the aqinq temperatures under consideration, T1 forms

platelets similar to ''.)

Peak strength in a commercial Al-4.0Cu-l.0Li alloy

(2020) has been attributed to the formation of U" and ' [261

The present alloy is expected to show significantly greater

precipitation of 6' than 2020 and precipitation of TB and T 1

in at least the overaged tempers.

Two inqots of Al-Li-Mg-Si type alloys were included.

AA6063 and 6061-type alloys were cast with 3% lithium

(#20, #21). These compositions are expecttxd to show co-pre-

cipitation of Mg 2 Si and 6'.

Three compositions represent an attempt at dispersion

hardening in conjunction with 6' precipitation by adding

manganese (#25) or maganese with iron (#23, #24) to an

Al-3.OLi alloy. Dispersoids may have the effect of encouraginq

cross-slip, thereby decreasing the planar slip typical of

Al-Al 3 Li systems. A 15% elongation in an Al-3.OLi-l.55Mn-l.3Fe

extrusion in Phase II prompted further investigation of this

system, though that test could not be repeated due to lack of

material.

Experimental Procedure

Fabrication of Sheet

The various alloys were cast as bookmold ingots by the

procedure described under Phase I of this investiqation.

KBI 9.5% lithium hardener was used for casts #19-#21. A 20',

lithium hardener (KRI) was used for casts #22-t26. Super-

purity aluminum (99.99%) and commercial hardeners for the

other alloying elements were used in all casts.

The ingots were homoqenized for 8 hours at 850'F (454'C)

plus 16 hours at 960OF (515 0C) in a nitroqen atmosphere.

Half of ingot #26 (#26B) received 850'F (454'C)/8 hours plus
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900OF (482 0C)/16 hours to determine if zirconium maintains a

better dispersion with a low temperature homogenization, as is

the case with 7XXX alloys.

The ingots were scalped until no porosity was evident.

The material was then hot rolled at 750°F (4000C), 0.125"

reduction/pass, to 0.125" sheet. Some of #22 was retained

at this gauge, while the remainder of the material was cold

rolled to 0.063" (1.60 mm). Severe edge crac-.i-; occurred

in some alloys. These required an intermediate anneal of

932*F (500'C) for 1 hour with cold water quenching before cold

rolling. Those alloys directly cold rolled are designated

"AR"; those samples with no subscript received an intermediate

anneal.

Hot Isostatic Pressing (HIP)

HIP treatment of ingot #10 was done by Kawecki-Berylco

Inc. The ingot was heated to 900OF (4821C) for 2 hours at a

pressure of 15,000 psi of argon.

Chemical Analysis and Hydrogen Content

Chemical analysis was done by atomic emission spectroscopy.

Hydrogen analysis was performed for surface and volume hydrogen

using an Ithac 02 Fast Hydrogen Determinator. This instrument

uses the nitrogen carrier fusion method as described by

Degreve. [32]

Heat Treatment

All material was solution heat treated at 975'F (5241C)

for 30 minutes in argon, followed by a cold water quench. A

limited number of Al-Li-Mn and Al-Li-Mn-Fe samples (designated

"-h") were solution heat treated at 1050'F (565'C) for 1 hour

and cold water quenched.

Aging Studies

Hardness-aging curves were established for 3250, 350'
3750, and 400 0 F (1630, 1770, 1910, and 204 0 C respectively).

I
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Hardness measurements were taken using the Rockwell B scale.

Aging of material for tensile and hardness testing was done

in circulating air furnaces.

Mechanical Testing

Tensile strength, yield strength, and percent elongation

were obtained using a 0.250" x 1.00" gauge section for longi-

tudinal and transverse samples with underaged, peak aged, and

overaged samples.

Standard Kahn tear test blanks (2 1/4" x 1 7/16") were
used to determine crack initiation and crack propagation
energies. Kahn tear tests were performed on those alloys and

aging conditions which exhibited the most tensile ductility.

Metallography

Metallographic sections of as-solutioned samples were

examined as-polished. Overaged samples etched with Keller's

reagent were used to determine subgrain size. An electrolytic

etch was used to determine grain size.

Scanning electron microscopy (SEM) electron microprobe

was used for examination of polished sections and fracture

samples in the underaged, peak aged, and overaged tempers.

Transmission electron microscopy (TEM) was used to examine

rolling plane sections of those samples of particular interest.

TEM was carried out on an RCA EMU-3G electron microscope at

100 KV.

Results

Chemical Analysis

Chemical analysis results are given in Table 4-1.

Lithium levels were fairly well controlled, ranginq from

3.0%-3.3% for th2 3% aim. Magnesium, also prone to oxidation,

showed a dramatic loss (approximately 50%) during meltinq and

casting of the Al-Li-Mg-Si ingots. The resulting excess
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silicon may lead to the precipitation of Li 3AI2 Si 2 , a hardening

precipitate found in Soviet investigation of an Al-Li-Si

alloy. [33]

Alloys #23 and #24 in the Al-Li-Mn-Fe system had only

a 25%-30% recovery of iron. In addition, bismuth was

difficult to put in solution, with no detectable recovery

(<0.005%), even with an addition of 0.01%.

The use of a new lithium hardner in casts 22-26 resulted in

calcium levels dropping from 0.02% typical to 0.001%. Sodium

levels were excellent (0.0001%) for all castings and well below

the 0.004% level found to cause sub-boundary embrittlement. [18]

Hydrogen levels given in Table 4-2 are fairly low compared
[4,101with other aluminum-lithium studies. [

' However, these

levels aie unacceptable in commercial aircraft alloys in that

porosity is generally associated with hydrogen levels above

0.12 ml/100 g.

Microstructure

An electrolytic (Barker's) etch was used to determine

degree of recrystallization of the sheet. Figures 4-1 through

4-10 show typical grain structures for the various samples.

Recrystallization is evident in all samples without zir-

conium. Zirconium appears to be a more effective inhibitor

of recrystallization, as evidenced by the lack of

recrystallization seen in those samples.

Processing and heat treating variables have a strong

influence on microstructure. The intermediate anneal before

cold rolling caused #22 (Al-Li-Zr) to recrystallize totally

with an elongated grain structure (Figure 4-2). #22--AR, cold

rolled directly from hot line gauge, resulted in very little

recrystallization. The high temperature (1050'F [565C]/l hour)

solution heat treatment had little effect on the Mn+Fe alloys,

but caused excessive grain growth in the manqanese-only(*25)

sheet (Figure 4-10).

i(
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As-polished metallographic sections were examined for

all samples. A typical example from each system is shown in

Figures 4-11 through 4-15. All samples show some evidence of

porosity; however, the manganese-bearing alloys showed a

minimal amount. Despite HIP treatment, #10 showed evidence

of porosity, particularly in the as-HIPed ingot. Large in-

soluble phases were evident in the magnesium-silicon and

manganese-containing alloys. The 10501F (565°C)/l hour

solution heat treatment appears to result in somewhat fewer

"fines" in the matrix than the 975'F (524'C)/30 minute solu-

tion heat treatment in the manganese-bearing alloys. The

movement of manganese in aluminum is very sluggish, and sig-

nificant change in the larger manganese-bearinq particles

should not be expected.

Subqrain structure as revealed using Keller's reagent

is shown in Figures 4-16 through 4-19 for samples from each

alloy system. Well overaqed samples (e.g. 375'F (191'C)/480

hours) were used so as to decorate the subqrain boundaries.

Microstructural details for each alloy for each solution

heat treatment and rolling condition are tabulated in Table

4-3.

Aging Study

Aging curves are presented in Figures 4-20 throuqh 4-34.

Of alloys #19-#26, the manganese-containing alloys show the

slowest response to aging. The copper-bearing and magnesium-

silicon-bearing alloys show the quickest response.

Aging curves for #22 (Al-Li-Zr), #24 (Al-Li-Mn-Fe), and

#25 (Al-Li-Mn) were obtained for sheet cold rolled with and

without an intermediate anneal. Aging response appears to

be slightly quicker with no intermediate anneal, in some cases

reaching a hiqher hardness in the no-anneal condition. This

hiqher hardness is probably due to reduced recrystallization

of the no-anneal material as reported under the section on

me ta 1 loqraphy.

...
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The high temperature (1050'F [565*C]) solution heat

treatment given to the manganese-containing alloys had a

minimal effect on the aging curves, though the Al-Li-Mn-Fe

alloys (#23, #24) showed a somewhat higher peak hardness

with the high temperature solution heat treatments.

Tensile Test Results

Tensile strength, yield strength, and elongation results

are presented in Tables 4-4 through 4-13. Material was tested

in the underaged, peak hardness, and overaged conditions for

each alloy.

In general, elongation was very low for all but the
Al-Li-Cu (#19) and Al-Li-Zr (#26) alloys. In addition, all

but the Al-Li-Cu alloy were prone to fracture outside the

gauge length. This may be due to large stress-concentrating

insolubles found in the other alloys. However, as can be

seen in the tensile, yield, and elongation tables, those

fracturing outside the gauge length typically had the same

elongation as those fracturing within the gauge marks. This

indicates that the elongation is primarily uniform, with

little contribution due to necking.

Fracture Characteristics

Binocular microscopic examination of the broken tensiles

showed different fracture modes, such as 450 shear and inter-

granular failure, in the different alloys and tempers. In

addition, various defects, such as porosity and inclusions,

became apparent, which should be considered in interpreting

the tensile data. In particular, a large number of samples

showed centerline porosity, which resulted in a "delamination"

through all or part of the width of the gauge section during

testing. A summary of fracture characteristics and material

defects in each sample is given in Table 4-14.

Of the aluminum-lithium binary alloys, #10 (2.871,i), #22

(3.26Li-0.06Zr), and #26 (3.23Li-0.08Zr), #10 showed the
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lowest strength. Ductility was also poor, generally <6%

elongation. Despite HIP treatment for #10, porosity and

inclusions apparently contributed to low strength and ductility,

and this alloy/process combination was not included in further

testing. SEM (Figures 4-35 through 4-37) showed the failure

of #10 to be characteristically intergranular for all tempers.

Al-Li-Zr (#22AR) also showed apparent intergranular failure

(Figure 4-38). However, the "grains" correspond fairly closely

to the observed subgrain size (using Keller's reagent), rather

than to the grain size. This may indicate subgrain boundary

rather than grain boundary failure.

Al-Li-Zr (#26A) showed fairly good ductility in the LT

direction. Elongations were generally 6%-8% for all tempers.

In contrast, the longitudinal elongation was very low. (#26B,

with a low temperature homogenization, did not perform as well

as #26A; therefore, emphasis was placed on #26A.)

The Al-Li-Cu alloy showed good elongations, especially in

the underaged samples. Figure 4-39 shows the relationship be-

tween temper and elongation. Again, elongation is somewhat

better in the LT direction, decreasing with increasing aging

time.

The fracture of the Al-Li-Cu samples was predominantly

transgranular 450 shear for both test directions. In general

the fracture surface was bright for the underaged temper, pro-

gressing to a dull, or rougher (more typical of brittle

fracture), surface for the overaqed samples. There samples

showed some necking at the fracture.

On a micro-scale the fractures showed dimples, which are

normally associated with ductile fracture. The dimples became

more prominant and well-defined with increased aging, as shown

in Figures 4-40 through 4-42. Dimple size corresponds ap-

proximately to subgrain boundary size, indicating that fracture

may be due to subgrain boundary failure. Subqrain boundaries

generally show increased precipitation and wider precipitate-

L iii i i
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free zones (PFZ) with increased aging. This may cause lower

strength at the subgrain boundary, explaining the greater

dimple definition with increased aging.

The Al-Li-Mg-Si alloys (#20, #21) showed strengths similar

to the binary alloys. It appears that additions of magnesium

and/or silicon decrease ductility somewhat. These alloys

exhibit largely 450 shear in the underaged condition, progress-

ing to flat, brittle failures in the overaged condition. In

general little or no necking was seen. SEM of an overaged

sample (Figure 4-43) showed some dimpling of the fracture

surface.

The Al-Li-Mn (#25) and Al-Li-Mn-Fe (#23, #24) alloys

showed poor ductility and no necking. SEM (Figure 4-44)

examination showed largely intergranular failure. In addition,

silicon-rich and manganese-rich insolubles were identified.

Kahn Tear Tests

Kahn tear test results are presented in Tables 4-15

through 4-20. The results in general were very poor,

particularly in the T-Ldirection.

The Al-Li-Mg-Si and Al-Li-Mn-(Fe) alloys showed near zero

crack propagation energy for the tempers tested. This was not

unexpected considering the very low ductility seen in the

tensile tests. The Al-Li-Zr alloys showed somewhat better

crack propagation, but did not perform as well as the tensile

test ductility might have indicated.

The Al-Li-Cu alloy, which showed good longitudinal and

transverse elongation in tensile tests, also had poor tear

test properties. Crack propagation energy was comparable only

to that of the most brittle commercial alloys (see Discussion).

In all alloys the crack front tended to follow the qrain

direction. The crack front in the T-L samples propaqated straight

in the rollinq direction, while in the L-T direction there was
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a tendency in some samples to turn from perpendicular to parallel

to the rolling direction.

Transmission Electron Microscopy (TEM)

Micrographs of Al-Li-Zr alloy #26A in the underaged

condition are given in Figures 4-45 and 4-46. The spherical 6'

precipitate is very small, but is resolvable at 46,OO0X. Note

the grain boundary is pinninq by small particles, presumably

Al 3Zr.

A narrow grain boundary precipitate-free zone (PFZ) is

visible in the underaged sample. The overaged samples show

pronounced PFZ's (Figure 4-47), typically 7500A for samples

aged 400°F (204 0C)/64 hours. It appears that the PFZ width is

strongly orientation dependent in that some grain boundaries

do not exhibit a perceptible PFZ. Figure 4-47B shows a triple

point with two grain boundaries exhibiting a wide PFZ, while

along the third grain boundary the PFZ diminishes to an

imperceptible width.

Discontinuous precipitation (Figure 4-48) was observed

in the Al-Li-Zr alloy, but was uncommon. Williams and

Edington [34 ] report that this phenomenon occurs at all grain

boundaries with extended aging; however, it was observed

infrequently in any of our material examined.

The Al-Li-Mn alloy aged 400°F (204 0C)/64 hours (overaqed)

shows 6' of size similar to that of the Al-Li-Zr alloy in the

same condition (Figure 4-49). In addition, there is a

scattering of submicron size dense particles, presumably

MnAl6 . Grain boundaries (Figure 4-50) show a 7500A PFZ

similar to that seen in the Al-Li-Zr alloy. The hiqh temp-

erature solution heat treatment (1050'F [565°C]/i hour) with

the same aging practice (Figure 4-51) shows a PFZ around most

of the dispersoid phases in what appears to be a greater

degree than in the normal solution heat treated material.
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No discontinuous precipitation was seen in the Al-Li-Mn

alloy. It was thought that the high solution heat treatment

temperature and water quench might provide a more uniform

distribution of lithium near grain boundaries. Such a distri-

bution of lithium (smaller PFZ) would be more likely to

encourage discontinuous precipitation. [34]

Peak hardening of the Al-Cu-Li alloy appears to be

related most closely to the aluminum-copper aging sequence.

Figure 4-52 shows the alloy at peak hardening and is

characterized by abundant coherency strains associated with

0" growth. Precipitation of 0" is responsible for the peak
[35]hardening of aluminum-copper binary alloys. Diffraction

patterns show string L1 2 superlattice reflections in this

temper as well (Figure 4-53), indicating that 6' is present.

Other diffracting conditions (Figures 4-54 and 4-55) show

that there has also been some precipitation of the strain-free

U' plates in the peak aged material.

Further aqinq, to the overaged condition, promotes the

formation of u'-like plates, seen in Figures 4-56 through

4-60. There is extensive grain boundary or sub-boundary

precipitation evident. As discussed earlier, extended aging

(thouqh as little as 100 minutes at 398'F--200'C)[31] in the

Al-Li-Cu system can result in the diffusion of lithium into

0' and subsequent formation of TB (AlIsCujLi2) with the same

morpholoqy as o'. In addition, the plate-like ternary phase

T is expected with this composition. [30] Thus the pre-

cipitates referred to as u', or identified as u' in these

micrographs, are likely modified by diffusion of lithium or,

in some cases, are actually a ternary phase as described below.

The displacement frinqe contrast in the overagecd Al-li-Cu

alloy in Figures 4-58 and 4-59 is identical to sta(cking fault

contrast. flowver, the stacking fault energy of a]uminum is

hiqh, and such faults are uncommon. The contrast is possibly

due to an orientation of 6' n(arly in the plane ()f th(e foil .

More likely, though, is that the T I phase is present, causin(i
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such contrast due to the "stacking fault" arrangement of atoms

at the matrix-precipitate interface. X-ray work has shown the

interface to be a near perfect match of the precipitate hexagonal
[12]basal plane and the (1ii) FCC matrix plane. The atomic

positions are then essentially in a stacking fault sequence at

the precipitate-matrix interface, giving rise to the contrast

seen in the overaged alloys. In this way the plate-like

precipitates can be identified as T I.

Specimens overaged further (350'F [163'C]/480 hours),

Figures 4-61 through 4-64, show similar features with larger

and more pronounced 0' and/or T I. Some 8" is retained as

evidenced by coherency strains.

TEM of the gauge section of a tensile sample in an

overaged condition (Figures 4-65 through 4-67) reveals heavy

dislocations in some grains and intense planar slip. This is

typical of the aluminum-lithium system and similar to the be-

havior reported by Sanders for 2020. [4  Severe strain at grain

boundaries occurs when the planar slip progresses to the degree

seen in Figure 4-67.

Discussion and Conclusions of Phase III

Casting and Fabrication of Sheet

Bookmold ingots were cast and 0.063" sheet successfully

fabricated. Significant problems occurred with hydrogen, the

related problem of porosity, and inclusions.

Some samples were successfully cold rolled off the

hoC-line qauge, but in general the alloys needed an anneal

before cold rolling to prevent edge cracking. The Al-Li-Mn

and Al-Li-Mn-Fe alloys suffered particularly, from edge

cracking. Though an intermediate anneal (932'F [500'C]/I hour)

is sufficient to eliminate the problem, this treatment en-

couragjes recrystallization in the final qauqe. Alternatives

are a lower temperature anneal or a shorter anneal time at

high temperature. Either may suffice and not cause

recrystallization in the sheet.
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The hydrogen and porosity problems are difficult to deal

with. A delayed addition of the lithium until just prior to

the casting may help decrease the hydrogen level. However,

other research [10,13,14] indicates that hydrogen content

increases immediately upon addition of lithium.

Centerline porosity may be reduced by using a mold with

insulated sides so as to produce directional solidification.

This may act to drive porosity to the top rather than the

center of the ingot.

Grain Structure

The present work indicates that as little as 0.06%

zirconium is effective in inhibiting recrystallization, while

up to 1.4% manganese proves ineffective. Fridlyander [1 71 had

similar results comparing 0.1% zirconium and 0.6% manqanese

in alloy 01420, as did Sanders [4 in comparing 0.13% zirconium

and 0.32% manganese in an Al-2.85Li binary alloy.

An intermediate anneal following hot rolling stronqly

encourages recrystallization. This effect may be reduced

with shorter time at the annealing temperature.

Though there are few direct comparisons, the particular

grain structure (recrystallized or not) does not appear to

significantly affect the elongation or strength.

Precipitation and Aging Response

Aging curves show that the alloys containinq copper or

magnesium and silicon have the quickest response to aginq,

with the binary and maqnesium-containinq alloys showing a

qlower response.

There are indications that peak hardening in the A]-Cu-Li

~11o. is ,Issociated primarily with u" formation and less with

'. TIM of sheet in the peak aged condition shows u", while
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6' (typically 500A in peak aged binary alloys) is not resolved.

If this is the case, it would at least partially explain the

greater tensile ductility seen in this alloy. If peak harden-

ing can be reached with a minimal ripening of 6', then the

optimum strength/ductility combination might be realized.

Discontinuous precipitation of 6', reported by Williams

and Edington [3 4 ] , was observed in the Al-Li-Zr alloy. The

reaction was uncommon and was not seen in the Al-Li-Mn and

Al-Li-Cu alloys examined. The occurrence of the phenomenon

is rare enough that it should present no problem in the system,

such as associated grain boundary weakening found in some alloy

systems.

Tensile and Yield Strengths and Elongation

Though showing moderate strength, the Al-Li-Mg-Si,

Al-Li-Mn, and Al-Li-Mn-Fe systems showed no promise as far

as acceptable ductility.

The Al-Li-Cu system exhibited strengths comparable to the

Al-Li-Zr alloys in comparable tempers, but showed much improved

ductility. The properties given in Table 4-6 can be compared

with other alloys in the Al-Li-Cu system below.

UTS Y S Efonq.
DC'clipti~lnVz~~>pton(kP ) (ku) (%)

VAD Nominal
(Nom. A1-5.2Cu-l.2Li-0.6Mn)[37,38] 68 58 6-8

2020-T6 Typical[5]--L 82 77.5 7.4

2020-T4 Typical [5]--L 50 34.2 16.5

AIl-2.2Li-2.OCu (#19) L 63 50 5-8
(Present study--typical) LT 56 43 6-12

Thus the properties of the sheet in the current study, of
hiqher lithium content, show values somewhat Iower than other
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Al-Li-Cu alloys in terms of the tensile strength/ductility

combination.

Tensile Fracture Characteristics

The more brittle alloys, in the Al-Li-Mg-Si and

Al-Li-Mn-(Fe) systems, showed predominantly a flat, brittle

fracture. The more ductile alloys, in the Al-Li-Cu and Al-Li

systems, generally showed a 450 shear in the underaged samples,

with an increasing degree of flat-face fracture with continued

aging.

In general the alloys showed a dimpled fracture surface.

The dimples were more pronounced with increased aging time.

The dimple size may be related to subgrain size. TEM has

shown formation of a PFZ on grain and subgrain boundaries.

The formation of the PFZ and consequent weakening and failure

at the subgrain boundaries may be the mechanism for failure.

If this is the case, then an aging practice or thermomechanical

treatment (TMT) to produce significant hardening without PFZ

formation could lead to a better strength/ductility combination.

Fracture Toughness--Kahn Tear Tests

The Kahn tear tests showed poor toughness values in general

for the alloys and tempers tested. The Al-Li-Mq-Si and

Al-Li-Mn-(Fe) alloys showed near zero unit propaqation energy.

The Al-Li-Cu and Al-Li-Zr alloys showed somewhat better crack

propagation energy values, but even the better tempers are

comparable only to those commercial alloys with the poorest

tear behavior.

For comparison Table 4-21 gives tensile and tear values

for some commercial alloys including AA2020. Of those listed,

all performed significantly better than the A]-Li-Cu alloy,

except 2020-T6 and 2024-T86, which have significantly hiqhcr

tensile ndl yield strengths.

The Al-Cu-Li alloy was the only alloy under stidy which

indicatod any significant resistance to ( 'r.H'k rot) iiat ion.
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Possible methods to improve the toughness of this alloy

include those methods discussed previously to increase

ductility. These include an aging sequence, TMT, or alloying

addition to encourage more rapid 0" precipitation than 6'

precipitation and treatments to discourage the formation of a

PFZ at grain boundaries or subgrain boundaries.
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TABLE 4-2

HYDROGEN LEVELS IN PHASE III INGOTS

Sample Number Hydrogen Content (me/100 gm)

Surface Votume

47850-19 0 0.236

-20 0 0.574

-21 0.006 0.748

-22 0 0.418

-23 0 0.386

-24 0 0.912

-25 0 0.652

II I IIII I I li1
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TABLE 4-3

MICROSTRUCTURAL DETAILS OF PHASE III SHEET

Aloy G'ain Stwuctww Subqgwiain Vimens6ion (pm) Inb P ,

Vescrp'pton Recnysta2%ized? Longqtudinaf Crom-Section -b

Al-Li

#10 (HIP) Yes, coarse No Yes
equiaxed

Al-Li-Zr

#22 Yes, elongated No Yes
#22--AR Slight 6 x 10 No Yes

#26A--AR Slight 4 x 6 Yes Yes
#26B 50% 5 x 10 in unrecrystallized Yes Yes

recrystallized area

Al-Li-Cu

#19--AR Slight 2 x 5 Little Yes

Al-Li-Mg-Si

#20--AR No 2 x 4 Yes Yes
#21 No Yes Yes

Al-Li-Mn-Fe

#23--AR r Little
#23-h Yes, fine Mn,Fe)AI6 No
#24--AR equiaxedM No
#24-h

Al-Li-Mn

#25 Yes, elongated
#25--AR Yes, elongated MnAl Little

#25-h Yes, coarse
elongated



-72-

TABLE 4-4

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li (#10-HIP) SHEET SHT 975-F/30 MINUTES

Age Age Lo gitudinat TtanSves e
Tmp. Time -UTS VS Eong. U 13T Eong.
(8F) (Hrs .) (ksi) (ksi) (%) (ksi) (ksi) (%)

47.7 37.5 2.0*
46.7 36.1 2.0*

51.1 39.7 3.0
325 480 50.7 39.6 *

51.0 40.0 2.0*
52.1 39.9 4.0

1
46.0 33.7 2.0* 43.0 33.4 2.0*48.2 33.9 3.0* 45.8 34.6 3.0*

49.8 37.4 3.0*50.0 37.6 5.0

49.6 37.6 6.048.8 37.8 5.0

45.9 34.4 2.0* 43.9 35.0 3.046.3 36.4 2.0* 46.7 35.7 3.0*

49.2 36.1 2.0*47.1 36.4 3.0

42.2 35.4 1.0 146.9 35.6 5.048.7 35.7 6.0 45.1 35.2 5.0

1
45.3 30.1 8.0 41.2 30.3 5.044.3 30.2 6.0* 42.2 28.9 7.0

1
47. 3 35.1 7.0* 46.2 34.0 4.0*48.9 35.4 4.0* 47.1 35.9 4.0

1
44.3 37.3 3.0* 47.5 35.2 6.0
44.1 36.6 1.0* 47.3 34.9 5.0

*Fracture outside of gauqe length.

iAR--Those cold rolled directly from hot line gauge;
no intermediate anneal.
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TABLE 4-5

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Zr (#22) SHEET SHT 9751F/30 MINUTES

Age Age LongitudinaZ Transvm e
TSmp. Time UTS) YS Hong. UTS YS Efong.

F) (H4ts.) (izP) (ksi) (2) (k6L) (k i) (%)
158.5 46.4 3.0*
57.1 45.4 2.0*

50.9 43.0 *
325 240 53.9 43.2 5.0

59.3 46.4 4.0*
59.7 45.4 5.0*

16 44.2 38.6 1.0* 45.3 34.8 5.0
16_44.3 34.2 2.0*

156.8 44.8 2.0* 47.1 39.2 1.0*

57.6 44.4 3.0* 47.9 38.5 3.064
350 56.7 48.7 1.0*

51.0 43.8 2.0*
158.8 44.0 7,0*
55.2 44.0 3.0*

50.4 41.7 3.0270 47.7 40.9 2.0

2 41.9 32.4 6.0 41.1 30.1 4.0*
2 43.7 30.7 5.0*

157.3 44.1 3.0*58.0 46.1 4.0

375 64 53.8 40.3 6.0 46.9 39.5 2.0*55.4 42.1 3.0 47.9 39.8 2.0*

155.5 42.5 6.0
120 54.7 41.5 6.0

53.6 40.2 3.0*
49.2 38.3 2.0*

146.3 35.4 5.0

1 49.2 38.2 5.0
40.9 33.7 2.0*
41.1 34.1 2.0*
154.9 42.7 2.0* 46.1 36.5 3.0

8 58.2 44.5 4.0* 46.6 35.9 3.0
47.6 39.0 4.0
45.6 39.9 2.0*

*Fracture outside of gauge length.

iAR--Those cold rolled directly from hot line gauge;
no intermediate anneal.
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TABLE 4-6

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF

Al-Li-Zr (#26A--ARI ) SHEET SHT 975°F/30 MINUTES

Aqe Age Lonn S VtuC 5 s
Temp. Time 7--7TT , . LiT 1 __. -rT7Y.
(° F ) (H 's. ) (,0 ( k ) 1 i, 5 ) ( - ) ,

t

. 45. 4.0*
2{,_55.4 4',. i 6.0

325 120 61.6 49.6 4.0 59.4 4 .) 6.057.6 50.4 2.n* r9.6 ( .48H.2 4.0"

480 57.6 47.5 6.0 57 47.5 6.0
58.0 48.9 *

51.1 42.6 2.0* 54. 49.1 7.0
52.0 41.8 3.0* 54.6 12.9 6.0*

58.4 149. ].0* 0.5 48.2 .*
350 32 58.4 48.1 .0* 58.8 47.2 4.0*

58.0 45.4 4. 0* 55.4 -- 8.0
57.0 44.1 4.0*_* 55. 4 43.8 5.0

3I55.6 4 2.9 6.0*
57. 2 2.9 6 .0*

375__ --,-
56.7 48.1 2.0* 52.9 45.7 7.0

24 1
24 60.1 47.2 3.0* I 59.4 46.7 8.0

50m 56.2 42.4 I  6 0*min.7 4' .1 4 . 0*
400 - -- --- i7  47 7

55.9 44.9 ,.0* 5R.6 45.0 0 2.054. 31 45.4 2.0 5 ,44. H 8.0

*Fracture outsid(e of fc, 'r th

IAR-Those cold rol (2I1 I iv, lx i I i !
no intermediate , inl .

ItI
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TABLE 4-7

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Zr (#26B) SHEET SHT 975 0 F/30 MINUTES

Age Age Longitudinal Ttansvers6e
Tamp. Time UTS vS Efong. UTS VS Eong.

F) (Hrs.) (kszi) (ksi) (%) (ksi) (ksi) (%)
24 55.1 44.5 5.0*

55.2 43.8 7.0

55.2 48.5 1.0* 59.4 46.2 6.0

325 58.4 49.2 1.0* 53.6 45.7 2.0*

480 61.0 48.7 5.0*

59.6 49.9 2.0*
600 61.8 49.0 3.0*

50.4 45.2 1.0* 54.3 42.1 6.0*
50.7 43.7 1.0* 53.5 42.6 5.0*

52.9 48.8 1.0* 58.9 46.8 6.0
56.1 49.6 1.0* 58.9 46.0 5.0*

60.7 46.8 4,0* 52.1 -- 4.0*58.7 45.6 6.0 53.5 42.2 5.0*

45.4 41.7 1.0 52.8 42.2 4.0*
49.5 40.7 2.0* 54.3 41.9 6.0*

375
61.2 46.7 4.0 57.9 46.3 5.0*56.5 48.1 1.0* 56.8 45.6 6.0

45.7 42. 3 1.0*50.3 41.5 2.0*

400
53.5 44.6 4.0 57.2 44.9 5.0*60.9 46.1 5.0 57.2 45.2 5.0*

*Fracture outside of gauge length.
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TABLE 4-8

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Cu (#19--AR1 ) SHEET SHT 975-F/30 MINUTES

Age Age Longitudkinat Tuanzvete
Tamp. Time UT VS Hong. UTS Y& Hlong.

F) (Hrt .) (kAi) (k6i) (%) (kiz6 ) (k,&i) (%)

59.6 50.0 12.0* 58.0 43.6 11.0
62.3 50.7 5.0 57.2 44.2 6.0

66.5 55.7 5.0325 64 66.9 55.7 5.0

63.1 47.8 8.0
168 64.4 52.9 8.0

59.0 45.7 9.0 55.4 41.8 12.0
57.2 44.1 5.0* 55.0 40.7 12.0

63.1 50.6 6.0 57.7 43.8 6.0*
63.4 52.7 4.0* 58.2 45.9 11.0

90 60.1 48.8 5.0 55.0 44.2 8.060.1 48.0 6.0 55.2 43.8 8.0

58.8 44.7 6.0* 55.7 42.5 12.02 56.0 43.7 8.0 54.5 41.6 11.0

59.9 49.7 8.0 54.1 42.8 10.0375 16 60.3 49.7 8.0 53.5 41.7 8.0

45 54.5 43.3 8.0 49.4 38.6 8.0

53.6 39.0 8.0 50.3 39.4 8.0

Natural 6 40.3 23.8 21.0
age mnths 39.5 23.7 21.0

*Fracture outside of qauqe! lenqth.

iAR--Those cold rolled directly from hot line gauqe;
no intermediate anneal.
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TABLE 4-9

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mg-Si (#20) SHEET SHT 975 0F/30 MINUTES

Age Age Longitudinaf Ttansvetse
Tsmp. Time UTS VS Eeong. UTS YS E 7ong.
( F) (H 6.) (ks i) (k,5 ) (%) (kzi) (ku6 ) (%)

120 62.6 53.5 2.0* 60.7 51.9 2.058.2 51.5 1.0*

325
54.9 49.2 *57.6 50.7 2.0*

52.6 45.1 2.0*
59.4 45.6 3.0

350 60.4 50.6 2.0* 54.0 49.0 2.0
16 57.3 50.9 2.0 58.3 48.7 2.0

60.4 47.4 3.0*
55.3 48.8 1.0*

375 8 63.2 51.9 2.0*

55.3 49.3 2.0*

45 152.8 45.7 2.0*

49.6 45.1 1.0*

40 154.6 45.2 4.0

min. 49.9 45.3 3.0

1
400 2 62.8 49.2 4.0 54.7 48.1 2.0

54.0 -- -- 54.9 48.0 4.0

54.9 42.4 4.0
55.1 40.0 1.0* 1

*Fracture outside of gauge length.

iAR--Those cold rolled directly from hot line qauqe;
no intermediate anneal.
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TABLE 4-10

LONGITUDINAL AND TRATSVERSE TENSILE PROPERTIES OF
Al-Li-Mg-Si (#21--AR ) SHEET SHT 975*F/30 MINUTES

Age Age Longktudinat Transverse
Temp. Time UTS VS long. UTS V Elong.
( F) (H4s.) (ksi) (k~si) (%) (ksu ) (ksi) (%)

8 46.6 45.9 2.0 57.2 45.5 6.051.7 46.4 1.0* 57.4 45.7 6.0

56.9 52.3 3.057.0 52.1 1.0*

60.8 49.2 5.0 58.1 48.8 4.0
58.9 49.8 4.0 58.0 48.5 3.0*

50.3 44.7 1.0* 51.0 41.8 6.0
51.8 44.3 2.0* 54.1 43.1 6.0

58.5 50.5 2.0* 56.8 47.7 4.047.2 -- 1.0* 57.0 48.4 2.0*

200 55.4 44.7 2.0*
52.1 45.5 2.0

46.8 -- 1.0* 49.4 44.1 3.0
56.0 -- 2.0 56.7 44.8 6.0

375
54.1 49.8 2.0 57.8 48.3 4.0*

8 56.3 49.7 2.0 57.7 47.6 4.0

30 53.6 46.3 2.0* 54.9 43.6 6.0
min. 51.4 46.1 2.0 54.0 44.3 5.0

400 1 55.2 47.3 2.0 48.7 45.1 3.0
57.2 47.5 4.0 54.3 45.4 4.0

16 53.8 45.0 2.0*

S 53.5 45.6 2.0

*Fracture outside of qauge lenqth.

1
AR--Those cold rolled directly from hot line qauqe;

no intermediate anneal.
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TABLE 4-11

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mn-Fe (#23) SHEET SHT 975*F/30 MINUTES

All Age Longitud naf Tran ve5 e
TSmp. Time UTS YS Eong. UTS vS Ef,ng.

F) (H4ts.) (kf i) (ksi) (%) (ksi) (ksi) (M)

56.8 43.4 3.0*56.8 44.1 2.0*

50.3 41.3 2.0*53.8 38.8 2.0*

350 90 59.2 41.8 4.0* 145.7 42.2 1.0*
56.6 42.5 3.0* 47.9 42.9 1.0

54.4 -- 3.056.4 42.9 3.0

51.5 37.5 2.0*
52.9 38.7 3.0*

375 1

55.5 41.8 2.0* 48.5 42.9 1.0
51.4 38.7 2.0* 51.0 42.4 1.0*

57.1 40.4 4.0*8 49.2 35.6 4.0*

400 4 
149.8 40.0 2.0*
48.8 39.6 2.0*

*Fracture outside of gauge lencith.

'AR--Those cold rolled directly from hot line qauge;
no intermediate anneal.
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TABLE 4-12

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mn-Fe (#24) SHEET SHT 975 0F/30 MINUTES

Age Age Longitudinal TA ansveC<rse
Temp. Time UTS YS Long. UTS S Eong.(F) i)s. Ik Eksf o (ks i) (ks i) M%

3 61.4 47.2 3.0*
62.1 46.5 3.0*

147.2 -- 1.0*
350 90 57.0 44. 3 2.0*

55.3 36.7 4.0*
54.9 38.9 4.0*

375 1

64 56.8 43.3 2.0*
- 55.9 43.6 2.0*

*Fracture outside of gauge length.

IAR--Those cold rolled directly from hot line gauge;
no intermediate anneal.
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TABLE 4-13

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mn (#25) SHEET SHT 9751F/30 MINUTES

Ag Agc Lon tudinae Tiansvmse
Tcmp. Time UTS VS Eong UT VS Eung.

F) (H4s.) (ksi) (k Li) W (k i) (%)
161.0 45.6 *

60.5 45.9 3.0
325 480

53.7 46.3 *
57.0 45.8 3.0

32 46.8 38.1 2.0
46.9 38.6 2.0*

350 ____ ____

120 52.4 41.1 2.0*52.8 41.4 I  2.0*

158.1 38.1 5.0* I 2
4

56.7 38.8 4.0*

8 44.6 38.2 1.0
49.1 37.2 2.0*

57.6 42. 3 2.0* I375 64 58.9 43. 2 4.0 i

90 5 51.2 42.3 2.0*
40 50.7 41.6 1.0*

480 54.5 51.2 *
480 55.0 41.6 3.0

47.3 33.6 4.01 5 ... 0
50.8 34 .6 6.0

161.1 42.7 4. * . 0

59.8 41.4 3.0*
400 1_

35.3 I 1.0 52.7 38.4 4.0
53. 1 40.7 2.0* 54.6 39.1 4.0

I 16 -_ _ _ _ _ _ _ _ _ _ _ _-

49.9 40.4 4.0
52. 4 40. 7 4 .0

* r' t, ruc outside of gauqe ]enIth.

1 AR--Thoso cold rolled directly from hot lino ,e(,WW
n-) intermediate annetl.
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TABLE 4-15

KAHN TEAR TEST RESULTS*

#10--AI-2 . 8Li

L-T T-L

:1, Uni '1)Wz-

I- . - ta e-)

400 F/2 hours 1.55 225 103 328 1.52 186 72 258

400 F/32 hours 1.20 136 14 150 1.10 112 8 119

*Triplicate specimens.

.
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TABLE 4-16

KAHN TEAR TEST RESULTS*

#22--A1-3. 3Li-O.O8Zr

L-T T-L

To taf To tat

350 0 F/240 hours 0.65 74 741
(AR)

375 01'/120 hours 0.97 124 58 182 0.76 74 0 74
(A R)

350 0F/240 hours 1.00 141 15 156 0.86 106 6 113

375 0F/2 hours 1.55 238 140 140 21.53 206 Ili 317

0.125" sheet

(no cold roll)

350 0 F/240 hours 0.98 184 0 184 20.74 95 0 95

375 0 F/2 hours 1.84 433 241 674 1.73 275 19 294

DOuplicate specimens.

1Single specimen-duplicate specimen fracture angle >0)

2All specimens fracture angle >3n0
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TABLE 4-17

KAHN TEAR TEST RESULTS*

#26A--A1- 3.2Li-O.O8Zr

L-T T-L

Aging Condition c4- ToTa , - rLua

Energy Energy

350 F/4 hours 1.28 265 295 5601 1.08 189 78 266

350 F/32 hours 0.99 171 34 206 0.93 130 0 130

350 0F/270 hours 0.89 105 11 116 0.73 74 0 74

4000 F/2 hours 1.20 232 194 4261 1.10 225 9 233

*Triplicate specimens.

IAll specimens fracture angle >300.

* -, .,~~
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TABLE 4-18

KAHN TEAR TEST RESULTS*

#19--AI-2.2Li-2.OCu-O.1OZr

f L-T T-L

-eL
&Uon ~ ~ Unt t - 'Agikzq Condit-te nII " ,: Z. Totat T " " otat.

325F/16 hours 1.16 265 86 351 1.34 272 80 351

3500 F/3 hours 1.39 309 236 544 1.48 349 138 487

375 F/2 hours 1.40 347 194 5411 1.47 361 80 442

375 0F/16 hours 1.12 244 41 286 1.33 273 43 316

*Duplicate specimens.

Isingle test result, duplicate specimen fracture angle )-30O.
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TABLE 4-19

KAHN TEAR TEST RESULTS*

#21--A1-3.2Li-O. 37Si-O.2OMg

____ L-T T-L ___

WE 'I w 'EneAgy 7~ ~~ EneAgy

32ARF1  ho r 1.04 164 25 189 2 1.04 161 19 180

325 0F/300 hours 0.87 131 7 138 0.73 85 1 86
AR

325 0F/8 hours 0.99 139 33 172 1.07 174 16 190

325 0F/300 hours 0.79 101 9 111 0.70 83 0 83

*Triplicate specimens.

1 AR--Those cold rolled directly from hot line gauge; no intermediate

anneal.

2Single specimen--duplicate specimen fracture angle >300
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TABLE 4-20

KAHN TEAR TEST RESULTS*

#25--A1-3.2Li-1.26Mn

L-T T-L

I. . - . z - _ _ _ _ _

M y Unit 4. e Un4Aging CoiiditNoyi .. - I ( TOV -- ~.--ot

375 F/4 hours 1.26 194 70 264 1.18 142 42 184

0 ,,
375°F/64 hours 0.91: 106 6 112 0.78 74 6 79

*Triplicate specimens.
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TABLE 4-21

TYPICAL TENSILE AND TEAR PROPERTIES
OF SOME COMMERCIAL ALLOYS

t ongitudinal Irn vers
A.oy TS . I Etong. UPE 2 I VS Elong. UPEF2

.(psi) (_ t (%) (intb/in (p~i) (p-6i) (%) (in-eblin )

2020-T4 50,000 34,200 16.5 1110 49,400 31,600 16.5 1060
-T6 82,000 77,500 7.4 30 81,800 75,400 7.0 15

2024-T3 69,600 52,400 19.5 710 67,400 46,400 19.7 600
-T6 67,200 53,200 9.5 275 66,300 51,800 8.8 245
-T86 77,100 72,400 6.4 130 76,100 71,200 6.1 115

7075-T6 82,300 74,900 11.2 290 82,300 72,500 10.8 220
-T73 71,600 60,300 10.6 510 72,900 61,000 10.3 400

From Reference 5
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FIGURE 4-1. LON(ITTUDILAL, CIOS-SECTTON )1w A]l i ( #10)

Tntcrrnodia te2J l 1-)0 hforto r ol 1inq(.
As-soILutiOl 110,1t tt reatu.d.

iE ct volv\t tO ot oh, 10OON.



-91-

A. Intermediate anneal before cold rolling.
As solution heat treated.

As solution hecit t rea t ed . (1

FIGURE: -4--2. LON(-,TTVD TNAL CROSS-V:CT ION!' (Y A]l i -Zr ( 2 2)

ElIec t. rc I%,t i (- etchi, 1 O0XN
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FIGURE 4-3. LONGITUDINAL CROSS-SECTION OF Al-Li-Zr
(#26A--AR)

No anneal, as solution heat treated.

Electrolytic etch, 10OX. loop

FIGURE 4-4. LONGIT UDINAL CROSS-SECTION OF Al-Li-Zr
(#26B)

Intermediate anneal before cold rollinq.
As solution heat treated.

Electrolytic etch, 100X.



3(

FIGURE 4-5. LONGITUDINAL CROSS-SECTION OF Al-Li-Cu
(#19--AR)

No anneal., a~s soluition heat treated.

Electrolytic etch, 100X.

loop

FIGURE 4-6. LONGI'11fI NAT, CP(),1-SPqCTTON OF Al-Li-Mg-Si

No anno I , i!; st I ut-i n heat treated.

Elect m '~t1 t ch, 1O0X.
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100p

FIGURE 4-7. LONGITUDINAL CROSS-SECTION OF Al-Li-MQ-Si
(#21--AR)

No anneal, as soIlution heat treated.

Electrolytic etch, 100OX.
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A. No ainneal1.
SolIu t ion he ait t rea tmen t 973 P' A- 0 C) /3O0 mi nu tes.

As Akeloop

B. 2 1-11.
S()11 ion 1()f he t trA"Itr2tift I f) 0I (%( C) 1 w hewi

TI"u RI 1,- ) (N~ (I T'IV)NI (f NI' AON OFA -iMn



A. #24--AR, no J.HP)ol

Solution Ileat ~ f r(,It i: C) 0 niuiutes.

RB. 424-h.

f,'T(UpI: 4'-1). 1':, 1 7 11 A - 11i - n Fe,
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w..

FIGURE 4-11. LONGITUDINAL CROSS-SECTION OF Al-Li-Zr (#22--AR)

As solution heat treated.
As-polished, 500X.

2Ou

* -

FIGURE 4-12. LONGITUDINAL CROSS-SECTION OF Al-Li-Cu (#19--AR)

As solution heat treated.
As-polished, 500X.
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Ao

,KP

Ire.

FIGURE 4-13. LONGITUDINAL CROSS-SECTION OF AI-Li-Mg-Si (#20)

As solution heat treated.
As-polished, 500X.

20p- , *. . . 5

SIM.

i ,,. . . ,..,

FIGURE 4-14. LONGITUDINAL CROSS-SECTION OF Al-Li-Mn-Fe (#24--AR)

As solution heat treated.
As-polished, 500X.
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* ~ -1 .L
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2 0 p

FIGURE 4-15. LONGITUDINAL CROSS-SECTION OF Al-Li-Mn (#25--AR)

As solution heat treated.
As-polished, 50OX.
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opr* "
- . . ..

FIUR 4.:16. TRNVES CRSSSCTO OF A*L-r(2A

50 -O. 20 1 p
4, . - . ' . '-7

. ' :. € " - . ,

* . .

FIGURE 4-16. TRANSVERSE CROSS-SECTION OF Al-Li-Zr (#26A--AR)

9750 F (524oC)/30 minutes + 375°F (177'C)/480 hours.
Keller's reaqent used to reveal subqrain structure.
500X.

FIGURE 4-17. LONGITUDINAL CROSS-SECTION OF AI-Li-Ci (#19--AR)

9750 F (524°C)/30 minutes + 375'F (177°C)/480 hours.
Kel ler's reaclent use;d to reveal] subqra in structure.
500X.
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FIGURE 4-18. LONGITUDINAL CROSS-SECTION OF Al-Li-Mg-Si (#20)

975'F (524'C)/30 minutes + 375 0 F (177*C)/480 hours.
Keller's reaqent used to reveal subgrain structure.
500X.

20p

• . 19. . ,

"* - " :. *• . . . .

., + ..,j.. • + l jh

FIGURE 4-19. LONGITUDINAL CROSS-SECTION OF Al-Li-Mn-Fe (#24-h)

1050OF (565 0C)/l hour + 375 0F (177 0C)/480 hours.
Keller's reaqent used to reveal subqrain structure.
500X.
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FIGIIJ-Rl. -4-38. Si M OF Al-Li-Zr- ( 22--AP)

Aiced 350'F/64 hours.
Lonl~li tudi ria to ns i I e f rjc ui ro ,; Lir -,l
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FIG',URF:-4--4-5. TEM 01F A]-Ii-Zr- (#26A) SHEET

Aqeoci 4000 F/5O minutes (LuJle r'I (d ). 11 , 500 X
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FTIGURE, 4-5 1. TEM OF AI-IJ-Mni (if2 -h) S~I!

Solution heait treated 1 05)0F/1 110111-i4 1((

400'F/64 hours.
PF Z a round MnAlr, in so) 1 b) 1. OX )O.
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ILI

FIGURE 4-56. TEM OF Al-Li-Cu (#19--AR) SHEET

Aged 375'F/45 hours (overaged).
Note precipitate nucleation at subgrain

boundaries. 22,OOOX.
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low --,

FIGURE 4-57. TEM OF AI-Li-Cu (#19--AR) SlIEF'T

Aged 375'F/45 hours (overaged) typi]cal. 22,000X.

11
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0. 5 1

FIGURE 4-58. TEM OF Al-Li-Cu (#19--AR) SilFET

Aqed 375'F/45 hours (overaqied).
Platelike T, precipitates and heavy suborain
boundary precipitation. 46,OOOX.
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FIGURE- 4-61. 'PM OF Al-ii ( I --*-~lAP) 'IITT
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CONCLUSIONS AND RECOMMENDATIONS

Process Development

Aluminum-lithium sheet of lithium content up to 3.3% can

be fabricated using the casting and rolling procedures outlined.

There are problems with hydrogen, porosity, and inclusions.

No immediate solution to the hydrogen and porosity problems

has been found in the high lithium alloys.

Alloy Development

The Al-Li-Zr, Al-Li-Mg-Si, and Al-Li-Mn-(Fe) alloys studied

do not offer any improved fracture properties over high lithium

alloys in other studies.

The Al-Li-Cu alloys offer better fracture properties in

that elongation is 8%-12% and Kahn tear test results are some-

what improved. However, crack propagation energy is quite low.

There is evidence that fracture is associated with failure at

subgrain boundaries. It has been shown that such boundaries

exhibit significant grain boundary precipitation and the growth

of a precipitate-free zone with extended aging.

On a microscale the fracture surfaces of each alloy showed

dimples, which are normally associated with ductile fracture.

The reason for such pronounced dimples in relatively brittle

material has not been completely defined. The dimples become

more prominent and well-defined with increased aging. In the

Al-Li-Cu alloy the dimple size corresponds approximately to sub-

grain size, indicating that fracture may be associated with sub-

grain boundary failure. Dimples in such a case may be present

due to a relatively ductile precipitate-free zone (PFZ), which

forms on grain and subgrain boundaries. Such PFZ's grow with

aging, possibly explaining the increased prominence of dimples

in the overaged samples. A major consideration, though, should

be given to the role of hydrogen in these alloys. The hiqh

hydrogen levels found in lithium-containing alloys may be a

controlling factor in microvoid coalescence and early ,;rain

&.-.o .
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boundary failure. The dimples may result from some combination

of the above factors. Further study is needed to answer these

questions.

The precipitation mechanism in the Al-Li-Cu alloy appears
to follow the sequence observed by workers with alloys of lower

lithium content, i.e. the independent precipitation sequences

of the Al-Cu and Al-Li systems.

Solid solution - GP " 6', and

solid solution - 6'.

However, TEM of the current alloy indicates that there is copious

precipitation of the ternary hexagonal phase, T, as describedby Sicoc'=30 ]

by Silcoc 1 in the overaged tempers. T1 may form from the

solid solution or from a transformation of 0' after diffusion

of lithium into the 0' takes place.

Though fracture toughness properties are not good, there

are methods which may be useful to improve the behavior in

some of the alloy systems. In the Al-Li-Cu system manipulation

of the aging program, thermomechanical treatment (TMT), or

addition of an alloying element to form a nucleating phase

may be useful in stimulating the precipitation of 6" while

inhibiting the ripening of 6'. In this way high strength,

due to the 6", could be realized, while the planar slip and brittle

fracture, due to 6' ripening, could be reduced.

In two systems, Al-Li-Mn-(Fe) and Al-Li-Sc, the use of
rapid solidification methods such as powder metallurgy may

prove useful. In the dispersoid system, Al-Li-Mn-(Fe), a

rapid solidification may provide a dispersion of (Mn,Fe)AI6
of a fine enough scale to require cross-slip for dislocation

movement. This would alleviate the embrittling planar slip

problem while providing an additional strengthening mechanism.

The application of rapid solidification to the Al-Li-Sc

system may provide an interesting modification to the Al-Li
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precipitation system. The AlSc precipitate is isomorphous

with '. A substitution of scandium for lithium in ' may sig-

nificantly affect the precipitate lattice parameter or matrix-

precipitate interfacial energy. The equilibrium solubility of

scandium in aluminum is so low, however, that at normal aging

temperatures virtually no precipitation involving scandium takes

place when using conventional ingot metallurgy.

A comparison of the alloys shows that zirconium affords

very good recrystallization inhibition, even with relatively

high SHT temperatures, while such an effect due to manganese/

iron was not seen. It should be noted, though, that no improve-

ment in mechanical properties in the unrecrystallized material

over the recrystallized material was observed. However, if an

unrecrystallized microstructure is sought, it is probably

desirable to use zirconium, even in high manganese/iron alloys.

Recommendations for Future Work

Casting and Fabrication

1. Insulated sidewalls of bookmold or DC casting. A

directional solidification may drive porosity to the top

rather than the center of the ingot.

2. Investigation of the effect of time and temperature during

intermediate anneal. A lower temperature or shorter anneal

time before cold rolling may solve the edge cracking prob-

lem, yet allow an unrecrystallized microstructure to be

retained in the final sheet product.

Alloy Development

1. Application of rapid solidification technology to the

Al-Li-Mn-(Fe) system. The casting of these alloys in

bookmold form resulted in large insoluble particles of

(Mn, ) A] . A rapid solidification rate process, such as

in powder metallurgy, may provide a high volume fraction

of fine dispersoid. Such a dispersion might encourage

cross-slip and decrease planar slip in the alloy.
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2. Application of rapid solidification technology to the

Al-Li-Sc and other systems. Scandium forms A1,Sc, which

is isomorphous with 6' (AILi). In conventional ingot

metallurgy scandium has virtually no solubility in aluminum.

Using rapid solidification rate methods, the solubility of

scandium in aluminum can be increased. It may be possible

to precipitate, or form by diffusion, a 6' with at least

some scandium, or Al,(Li,Sc). This would change the U

lattice parameter and aAl-o' interfacial energy, possibly

decreasing the planar slip encouraged by the small lattice

misfit and interfacial energy in the Al-Li system.

This technique may be useful in other aluminum alloy

systems. A high zirconium alloy is such a possibility

since an ordered coherent face-centered cubic A1 3 Zr pre-

cipitate is formed in the AI-Zr system with a lattice

parameter close to that of the aluminum matrix.

3. Modification of precipitation sequence in the Al-Li-Cu

system. The concept involved is to encouraqe strenqtheninq

by u" while slowing the ripening of 6'. In this way 6',

which controls fracture behavior in the system, may be re-

tained fine enouqh so that ductility is not too severely

reduced. In this way the benefits of lowered density and

increased modulus may be obtained while the severe planar

slip is minimized. Possible methods to accomplish this

precipitation modification include thermomechanical treat-

ment (TMT), an appropriate aqinq program, or modification

with other alloying elements.
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